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PROLOGUE 
Th is  volume i s  one of a  se r i es  of M a t e r i a l s  Processing Threshold 
Reports. These repo r t s  a r e  designated t o  p rov ide  an abbrev ia ted 
assessment of  t he  s t a t e  of the  process ing a r t  i n  some m a t e r i a l s  
technology areas and t o  i d e n t i f y  any th resho lds  i n  increased 
ma te r i a l  performance t h a t  have broad agency o r  i n d u s t r y  u t i  1  i t y .  
P a r t i c u l a r  a t t e n t i o n  i s  g iven t o  t h e  spec ia l  p r o p e r t i e s  of space 
t h a t  m igh t  a1 low a1 t e r a t i o n  of process ing c h a r a c t e r i s t i c s  t o  
p rov ide  increased ma te r i a l  performance. The volumes p r e s e n t l y  
a v a i l a b l e  i n  the  s e r i e s  are:  
I. Semiconductor C rys ta l s  f o r  I n f r a r e d  Detectors  
11. Use of Low Grav i t y  f o r  Cast I r o n  Process Development 
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I .  EXECUTIVE SUMMARY 
This  r epo r t  has been prepared by System Planning Corporation (SPC) as 
p a r t  of the NASA's Mater ia l s  Processing i n  Space (MPS) Program. $PC has 
assessed po ten t i a l  app l i ca t i ons  of a  low g r a v i t y  environment o f  i n t e r e s t  
t o  t h e  comnercial producers of c a s t  i ron .  The purpose of t h e  assessment 
is  t o  determine whether low g r a v i t y  condi t ions  o f f e r  po t en t i a l  oppor tun i t i e s  
t o  t he se  producers f o r  improving c a s t  i r o n  p rope r t i e s  and expanding t h e  
use of  c a s t  i rons .  Although t h e  assessment has neces sa r i l y  been l imi t ed  
t o  t h e  gray and nodular types of i r on ,  t h e  f ind ings  a r e  b a s i c a l l y  appl i -  
cab le  t o  a l l  c a s t  i rons .  The fol lowing paragraphs b r i e f l y  desc r ibe  the 
po ten t i a l  advantages t h a t  might accrue through low g rav i ty  experiments 
with c a s t  i rons .  
Cast i r ons  a r e  important engineer ing materi  a1 s used predominately 
i n  t r anspo r t a t i on ,  cons t ruc t ion ,  and heavy indus t ry .  The i r  appeal t o  users 
can be a t t r i b u t e d  t o  a  v a r i e t y  of unique p rope r t i e s  and c h a r a c t e r i s t i c s ,  
but probably t h e  two most important advantages a r e  t h a t  they can be r e a d i l y  
c a s t  i n t o  i n t r i c a t e  shapes and a r e  re1 a t i  vel y  i nexpensive compared t o  
a1 t e r n a t e  mater ia l  s e l e c t i o n s .  I f  c e r t a i n  physical p rope r t i e s  of c a s t  
i r o n s  could be improved through processing i n  low g rav i ty ,  usage o f  these 
ma te r i a l s  would undoubtedly be g r e a t l y  expanded. In the long run, c a s t  
i r ons ,  which a r e  f ab r i ca t ed  mostly w i t h  recycled s tock ,  might be s u b s t i t u t e d  
f o r  o t h e r  ma te r i a l s  requi r ing  important na tura l  resources .  For i ns tance ,  
U.S. production of nodular c a s t  i r ons  has g r o w  s i n c e  comnercial introduc-  
t i o n  i n  the e a r l y  1950s t o  about 3 mil l ion- tons  per yea r ,  i n  p a r t  due t o  
t h e  new nodular g r aph i t e  shape t h a t  made a v a i l a b l e  physical p rope r t i e s  i n  
c a s t  i r ons  t h a t  had been a t t a i n a b l e  previously only with more expensive 
s tee1 s . 
Cast i r o n s  are uniquely su i  tab1 e f o r  i n v e s t i g a t i o n  of me1 t i n g  hehavior 
and s o l i d i f i c a t i o n  mechanisms i n  a low g r a v i t y  environment because o f  t he  
broad d i f f e rence  i n  dens i ty  of t h e i r  composit ional const i tuents.  Ce r ta in  
c h a r a c t e r i s t i c  physical p roper t ies  r e s u l t  from what happens dur ing so l  i d i  - 
f i c a t i o n  o f  cast ings; i n  turn, what happens dur ing  so1 i d i f i c a t i o n  under 
normal g r a v i t y  cond i t ions  i s  s t rong ly  dependent on the fo rce  o f  g r a v i t y  
on the  me1 t. By studying me1 t i n g  and s o l i d i f i c a t i o n  o f  cas t  i r ons  under 
low g r a v i t y  condit ions, cas t  s t ruc tures  might be modif ied o r  process 
con t ro l s  i d e n t i f i e d  t o  prov ide des i rab le  changes i n  physical  proper t ies.  
Those f i nd ings  might then be adopted as modi f icat ions t o  cur ren t  processing 
techno1 ogi  es under normal g r a v i t y  cond i t ions  t o  enhance cas t  i r o n  p rope r t i es  
o r  t o  prov ide new engineering mater ia ls .  
I n  product ion of most cas t  products, the  most troublesome problem 
areas t h a t  s t rong ly  i n f l  uence physical  p roper t ies  are  chemical and cons t i  t u -  
t i o n a l  heterogenei t ies and unsoundness i n  cast ings. These problems ar2  
s t rong ly  in f luenced by the  i n t e r p l a y  o f  dens i ty  and c o n s t i t u t i o n a l  p roper t ies  
dur ing  s o l i d i f i c a t i o n  and coo l i ng  o f  the  cast ings. Cast i r ons  are  pa r t i cu -  
l a r l y  sens i t i ve  i n  t h i s  respect because i r o n s  are complex a l l o y s  chemical ly  
and t h e i r  me1 t const i tuents  have widely  vary ing dens i t ies .  For example, 
when cast  i r ons  s o l i d i f y ,  wide ranges of carbon and a l l o y i n g  compositions 
e x i s t  i n  the p r e c i p i t a t i n g  me1 t const i tuents.  These d i f fe rences i n  the 
me l t  of ten r e s u l t  i n  va r i ab le  compositions and dens i t i es  i n  the f i n a l  
cast ings,  s ince some of the o r i g i n a l  as-prec ip i  t a ted  heterogenei t ies are  
no t  i n t e r d i f f u s e d  by the t ime the  cast ings are  f u l l y  s o l i d i f i e d  and cooled 
t o  room temperature. The h igh  me1 t i n g  po in t s  of i r o n s  and a l l o t r o p i c  
transformations dur ing  coo l ing  a lso  create problems t h a t  con t r i bu te  t o  
these heterogeneit ies. Thus, i r o n  cast ings normal l y  have considerable 
heterogenei t ies i n  chemical c o m p o s i t i o ~  and phase const i+uents t h a t  con- 
t r i b u t e  t o  nonuniformi t i e s  i n  mechanical p roper t ies  and t c  low property  
va1 ues. 
Cast i rons ,  u n l i k e  most s teels ,  conta in  p a r t  of t h e i r  carbon as a f r e e  
graph i te  cons t i tuent .  The shape and s i ze  o f  the  graph i te  cons t i t uen t  a re  
d i f f i c u l t  .LO con t ro l  w i t h i n  s p e c i f i c  desi red ranges. I n  add i t ion ,  when 
the r e l a t i v e l y  1 i g h t  graphite and heavy metal const i tuents are present 
i n  a melt, some mass s t r a t i f i c a t i o n  i s  t o  be expected due t o  the effect of 
gravi ty.  With consti tuents of widely varying densi t ies t h a t  have hetero- 
genei t i e s  and w i t h  var iable d is t r ibu t ion ,  shape, and s ize  o f  graphite, 
uniform physical propert ies are d i f f i c u l t  t o  achieve. 
Soundness of cast st ructures i s  a lso of paramount importance t o  
service l i f e  i n  many appl icat ions. Here again, some of the problems i n  
achieving sound castings can be a t t r i bu ted  t o  the presence o f  consti tuents 
w i t h  widely varying densi t ies (e.g., evolving gas bubbles and metal) and 
t o  chemical heterogeneities. Constituents of lower densi t ies tend t o  f l o a t ,  
and, i f  they are also of higher mel t ing points, w i l l  s o l i d i f y  las t .  The 
r e s u l t  i s  lack o f  chemical uniformity, unsound areas, and unpredictable 
physical pr rper t ies  such as hardness and strength. 
The var iable densi t ies of consti tuents contr ibute t o  the problems 
described above, and t h i s  i s  why the low g rav i t y  environment of fers excep- 
t i ona l  opportuni t ies f o r  experimentations. For instance, low g rav i t y  
processing w i  11 be useful i n  examining nucleation and growth mechanisms 
during s o l i d i f i c a t i o n  since i t  w i l l  a l low the important density var iable 
t o  be isolated. I n  addit ion, containerless processing and rap id  cool ing 
during s o l i d i f i c l t i o n  could also be demonstrated i n  the MPS program and 
a1 so provide valuable data concerning nucleation and growth. Such experi - 
ments should contr ibute t o  a f u l l e r  understanding o f  casting problems and 
lead t o  improvements i n  the physical propert ies o f  cast irons. 
Improvements i n  mechanical strength propert ies, p a r t i c u l a r l y  higher 
fat igue strength, would undoubtedly f i nd  much favor among comnercial 
producers and users of cast irons. Presently, 90 percent o f  material f a i l u res  
resu l t  f r o m  repeated use. Fatigue strengths f o r  p l a i n  gray i rons are 
about one-fourth t o  one-third of those for  comparable grades of wrought 
steels. Generally, fa t igue strengths of p l a i n  nodular i rons are less than 
those of wrought p l a te  steels of p l a i n  carbon compositions. Present leve ls  
of both fat igue and t ens i l e  strengths i n  gray and nodular cast i rons are 
constrained a t  l eas t  i n  pa r t  by meta l lu rg ica l  sol i d i f i c a t i o n  phenomena 
tha t  are a t t r i bu tab le  t o  dif ferences i n  density o f  the const i tuents i n  
the melt. Studies i n  low gravi  t y  environments w i l l  provide an opportunity 
t o  learn whether property leve ls  can be raised above the present constra ints 
by lessening tne influence o f  density i n  the s o l i d i f i c a t i o n  process. If 
gray i r o n  propert ies can be improved, t h i s  mater ia l  can compete w i t h  some 
grades o f  cast and wrought s tee ls  and nodular irons. I f  the propert ies o f  
nodular i r o n  can be improved, these i rons could be subst i tuted for  ce r ta in  
a l l o y  and higher strength steels. I n  e i t he r  case, an expanded market i s  
foreseen f o r  cast i r o n  products t ha t  have greater strength propert ies 
than those achievable today. 
An important consideration i n  planning a program f o r  mel t ing and 
s o l i d i f i c a t i o n  of gray and nodular i rons under low g rav i t y  i s  t h a t  only 
scoping experiments be included i n i t i a l l y .  These experiments should 
encompass a broad view of the s o l i d i f i c a t i o n  process, inc luding wide 
ranges o f  composition and cool i ng  conditions, and should include one-for- 
one comparisons under both normal and low g rav i t y  conditions. The major 
object ive a t  t h i s  po in t  should be t o  determine i f  low g rav i t y  and container- 
less processing inf luence basic character is t ics  of the phase consti tuents 
and heterogenei t i e s  of the structures obtained under normal gravi t y  condi - 
t ions. These resu l ts  w i l l  then po in t  t o  log ica l  d i rec t ions for  advanced 
experiments. If ear ly  exploratory experiments were aimed prematurely a t  
comnercial applications, the r i s k  o f  program fa i l u re  would be greater 
because the metal 1 urg i  cal  p r inc ip les  re1 ated t o  sol  i d i  f i  cat ion mechanisms 
and physical propert ies would never be revealed. A l og ica l  program 
sequence i s  (1 ) t o  reach an understanding o f  the sol i d i  f i c a t i o n  mechanisms 
and the inf luence o f  g rav i t y  on these, (2)  t o  determine how t o  control  
these mechani sms , (3) t o  consider the t o t a l  m i  1 i e u  ( i n c l  udi ng economics, 
comnercial appl icat ions,  etc. ) o f  the cast i r o n  producers. 
11. COMMERCIAL SIGNIFICANCE OF GRAY AND NODULAR IRONS 
Wi th in  the  broader group of cast  i rons ,  gray and nodular i r ons  were 
selected for  t h i s  l i m i t e d  assessment because both have widely  vary ing 
s t ruc tures  and proper t ies,  a re  su i tab le  f o r  MPS experimentation, and are 
major i n d u s t r i a l  mater ia ls .  The p o t e n t i a l  comerc ia1  s ign i f i cance of 
making improvements i n  these mater ia ls  i s  discussed i n  t h i s  sect ion, and the  
R&D aspects a re  reviewed i n  subsequent sect ions. 
I n  1977, about 12 m i l l i o n  tons o f  gray i r o n  and 2.7 m i l l i o n  tons 
o f  nodular i r ons  were produced and widely  used i n  the  Uni ted States, 
as shown i n  Tab1 e 1. Much of the  appeal o f  these i r o n s  t o  the i n d u s t r i a l  
sector  i s  due t o  the f a c t  t h a t  they are r e l a t i v e l y  inexpensive compared t o  
o ther  mater ia ls .  This i s  a t t r i b u t a b l e  t o  the  modest costs o f  both raw 
mater ia ls  and of processing. For example, cast  i r o n s  are usua l ly  made 
from p i g  i r on ,  cast  i r o n  scrap, s teel  scrap, 1 imestone, coke, and a i r .  
Gray i r o n  i s  usual l y  me1 ted  i n  a cupola and nodular i r o n  i n  cupolas o r  i n  
lob-frequency i nduc t i on  o r  o ther  e l e c t r i c  furnaces. These i r o n  product ion 
processes are  a l l  modest i n  operat ional  costs compared t o  f u l l y  i n teg ra ted  
steelmaking operat ions. 
The under ly ing reason fo r  the  low product ion costs o f  gray and nodular 
i r ons  compared t o  wrought s tee l s  can be i l l u s t r a t e d  i n  general terms by 
a b r i e f  comparison of a l t e r n a t i v e  cas t ing  and wrought processes fur produc- 
t i o n  o f  automobi 1 e crankshafts.  For the  cas t ing  process a1 te rna t i ve ,  nodular 
i r o n  would be melted and cast  t o  a nea r - f i na l  shape. A l i m i t e d  amount 
o f  machining would be performed, and the desi red proper t ies  would pro- 
bably be achieved through heat treatment. For the  wrought process a l t e r -  
na t ive ,  s tee l  would be produced through manufacture of p i g  i r o n  and 
subsequent me1 t r e f i n i n g  (o r ,  i n  a s i n g l e  step if recycled scrap i s  
used exc lus ive ly )  and would be cast  as a l a rge  ingot .  The i ngo t  would next 
TABLE 1. TYPICAL USES OF GRAY AND NODULAR CAST IRONS 
(AFTER MATERIALS ENGINEERING [Ref, 1 , pp. C2-C3]) 
GRAY IRONS 
Vehicles and Enqines 
Engine blocks, heads, p is tons ,  camshafts, c rankshaf ts ,  
exhaust manifolds,  c l u t c h  p l a t e s  and housings, o i l  pump 
bodies, gear boxes, brake drums, and f lywheel  s. 
Machinery 
Machine t o o l s ,  housings, frames, and supports ; t o o l  i n g  
f o r  d ies;  and c o n s t r u c t i o n  equipment f o r  heavy compressors, 
gears, e t c .  
Other Uses 
Pressure vessel s , chem'cal process ing equipment, furnace 
hardware, paper m i  11 r o l l  s , va lve  bodies , and hydraul  i c  
c y l  i nders . 
NODULAR IRONS 
Yehicl  es and Engines 
Crankshafts, camshafts, p i s t ons  , rocker  arms, gears, 
p in ions,  gear housings, :ii f f e r e n t i a l  cases, s t e e r i n g  
knuckles , brake drums, cams, pumps, and exhaust manifolds . 
Machinery 
Gears, gear housings, cams, and s l i d e s .  
Cther Uses 
T rac to r  shoes, valves, and f i t t i n g s  i n  steam equipment, 
paper m i l  1 and g lass  r o l l s ,  s h i p  p rope l l e r s ,  o r  s a l t  
water and caus t i c  s o l u t i o n  hand1 i n g  equipment. Heat- 
r e s i s t a n t  grade used f o r  furnace hardware, l ead  pots,  
and g r a t e  boxes. 
be hot-worked mechanically and reduced t o  a  l a r g e  bloom shape much l a r g e r  
than the f i n a l  desi red shape. (The bloom i s  mechanically reduced t o  a 
rough b i l l e t  shape somewhat l a r g e r  than the  f i n a l  product.) Next, the  
b i l  l e t  i s  hot-forged i n t o  a  crankshaft shape, approximate1 y equivalent  
i n  s i z e  t o  the  a l t e r n a t i v e  as-cast shape. Th is  in termediate ,,"k I S  
then machined and heat-treated--much the  same as the f i n i s h ;  !g opera':.rr)ns 
on the cast  i r o n  shape. Obviously, t he  i r o n  cas t ing  processes can be 
performed a t  l ess  expense than the  more complicated wrought s tee l  processes. 
On the  o ther  hand, a  wider v a r i e t y  of physical  p roper t ies  can be o f fe red  
through va r ia t i ons  i n  wrought processing o f  s tee l s  than through cas t i ng  
i r o n  d i r e c t l y  t o  shape. For instance, s tee l  wrought mater ia ls  can be 
work-hardened dur ing  processing, and as-cast chemical heterogenei t ies i n  
the i ngo t  can be homogenized dur ing  subsequent working operat ions. I n  
add i t ion ,  p roper t ies  can be enhanced s e l e c t i v e l y  i n  wrought processes by 
establ  i shi ng preferred o r i en ta t i ons ,  o r  t ex tu r i ng ,  of the  metal 1 u r g i c a l  
s t ruc ture .  
I f  some of t h i s  f l e x i b i l i t y  i n  achiev ing desi red proper t ies  could be 
provided i n  i r o n  cast ings o r  i f  c e r t a i n  cast  i r o n  proper t ies  could be 
improved a t  reasonable cost, cast  i r ons  could sure ly  d isp lace s tee l s  i n  
many c o m e r c i a l  appl i ca t i ons .  For example, a  simple change i n  g raph i te  
shape has prev ious ly  resu l ted  i n  a  new c lass o f  i rons-- the nodular type. 
Wi th in  about 30 years, the market s i z e  o f  t h i s  product has grown t o  about 
one-fourth of the o lde r  gray i r o n  market. Th is  growth i s  due t o  the  f a c t  
t h a t  nodular i r ons  have t e n s i l e  strengths th ree  :imes greater  than t h a t  o f  
gray i r o ~ s  and e x h i b i t  d u c t i  1  i t y  (no t  ava i l ab le  w i t h  gray i rons) .  As a  
r e s u l t ,  nodular i r ons  have been subs t j t u ted  f o r  s tee ls  and ma1 leab le  i r o n s  
i n  numerous app l ica t ions .  A s i m i l a r  market penet ra t ion  i s  w i t h i n  reach 
today if equivalent  improvements could be made i n  the  proper t ies  o f  any o f  
t.he e x i s t i n g  cast  i rons .  Low g r a v i t y  processing provides a  research t o o l  
no t  p rev ious ly  ava i l ab le  fo r  i n v e s t i g a t i n g  methods t o  b r i n g  about such 
proper ty  changes. 
I I I. STRUCTURES OF GRAY AND NOGULAR IRONS 
When iron-carbon a l l o y s  are i d e n t i f i e d  by the more commonly accepted 
names o f  s tee ls  o r  cas t  i rons ,  almost everyone can probably associate 
experiences i n  t h e i r  everyday l i v e s  w i t h  e i t h e r  o r  both groups o f  mater ia ls .  
Most t e c h n i c a l l y  t ra ined  persons could a l so  probably r e l a t e  profess ional  
experiences w i t h  these mater ia ls  when the  broad-based s tee l  and i r o n  
c l a o s i f i c a t i o n s  are categorized as spec i f i c  compositions, proper t ies,  
products, uses, e t c .  For instance, s tee l s  are genera l l y  considered t o  be 
a l l o y s  o f  i r o n  t h a t  conta in r e l a t i v e l y  l esse r  amounts of carbon than cast  
i rons,  and the  carbon content of most cast  i rons ,  u n l i k e  steels ,  i s  
present i n  the form o f  f ree graphi te.  I n  gray i ron ,  t h i s  g raph i te  appears 
as lent icu lar-shaped f lakes  when examined i n  microsect ions. I n  nodular 
i ron ,  the graphi te shape appears rough : c i r c u l a r  i n  microsect ions. 
H i s t o r i c a l l y ,  me ta l l u rg i ca l  t r a i n i n g  i n  the  proper t ies  o - 
carbon a l l o y s  has normal ly begun w i t h  the  i r o n - r i c h  s ide  o f  r i le  ,nver,tional 
iron-carbon phase diagraph (F ig.  1 ) .  I n  the  simplest view, mcst s tee l s  
are i n  the carbon range below about 1.3 percent, al though extremely favor- 
able combinations o f  s t rength  and duc t i  1  i t y  proper t ies  have been obtained 
recent ly  i n  spec ia l l y  prepared s tee ls  conta in ing carbon as h igh  as 2 percent 
[Ref. 31.  I rons ,  i nc lud ing  the gray and nodu: a r  types, are normal ly i n  
the carbon range from 2 t o  4.5 percent. Tlius, the me ta l l u rg i ca l  p roper t ies  
of s tee ls  i n  t h i s  simple view are  heav i l y  dependent on the eu tec to id  
reac t ion  ( p o i n t  A, a t  0.8 percent carbon, i n  F ig.  1) t h a t  r e s u l t s  i n  mixtures 
o f  f e r r i t e  (alpha i r o n )  and i r o n  carb ide a t  room temperature. S i m i l a r l y ,  
metal 1  u rg i ca l  p roper t ies  of i r ons  are heav i l y  dependent on the eu tec t i  c  
reac t ion  (po in t  B ,  a t  4.3 percent carbon, i n  Fig. 1) .  I n  t h i s  instance, 
the room temperature cons t i tuents  are general l y  mixtures of f e r r i t e ,  i r o n  
carbide, and graphite. 
FIGURE 1. IRON-CARBON PHASE DIAGRAM--METASTABLE (Simplified Version, 
Modified After American Society for Metals [Ref. 2, p. 2771 ) 
Since the g raph i t e  phase c o n s t i t u e n t  i s  n o t  shown i n  F igure  1, a  more 
. d e t a i l e d  view of t he  m e t a l l u r g i c a l  na tu re  and behavior  of i ron-carbon a1 l o y s  
i s  warranted. Two a d d i t i o n a l  bas ic  concepts a i d  i n  e x p l a i n i n g  t he  presence 
of f ree  g raph i t e  i n  most cas t  i r o n s  and t he  absence of t h i s  phase i n  most 
s tee l s .  The f i r s t  concept concerns t he  pers is tence  of va ry i ng  amounts o f  
t he  metastable i r o n  carb ide  phase i n  e s s e n t i a l l y  a l l  commercial i r o n -  
carbon a l l o y s ,  and t he  second concerns t h e  d i f fe rences  i n  chemical composi- 
t i o n  between c o m e r c i a l  i ron-carbon a1 l oys  and t he  t h e o r e t i c a l  m ix tu res  o f  
pure i r o n  and carbon represented i n  F igure  1. 
I n  t he  more d e t a i l e d  phase diagram of F igure  2, a l t e r n a t i v e  g r a p h i t e  
(equi  1  ib r ium)  and carb ide  (metastable) carbon phases a re  shown, w i t h  some 
d i f f e r e n t  s o l i d i f i c a t i o n  and t ransformat ion cond i t i ons  f o r  each. The 
dashed l i n e s  demonstrate t he  g raph i t e  e u t e c t i c  p o i n t  (C ' ) ,  t h e  eu tec to i d  
p o i n t  ( 5 ' 1 ,  and t h e  l i m i t  of carbon s o l u b i l i t y  i n  gamna i r o n  ( l i n e  E ' S ' ) .  
These two p o i n t s  and t he  s o l u b i ! i t 4  l i n e  a r e  a t  h igher  temperatures than 
t he  corresponding i n d i c a t i o n s  f o r  the  carb ide  phase, which a r e  represented 
by the  s o l i d  l i n e s  through point, C, E, and S. The emergence of  e i t h e r  
graphi te o r  carb ide d i r e c t l y  from the me l t  i n  the  s o l i d i f i c a t i o n  o f  gray 
i rons  has been a con jec tura l  mat te r  among m e t a l l u r g i s t s  fo r  many decades 
and i s  s t i l l  t he  subject  of considerable study. 
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FIGURE 2. I RON-CARBON PHASE Dl AGRAM--STABLE A N 0  METASTABLE 
(Modified After.H.T. Angus [Ref. 4, p. 21) 
This idea l ized b inary diagram (Fig.  2) showing the  prec ise temperature 
l e v e l s  fo r  eu tec t i c  and eutec to id  react ions does not  account fo r  the t h i r d  
major a1 l o y i  ng ingred ien t  i n  cast  i rons ,  s i  1 icon. The i ron-carbon-si 1 i con  
(Fe-C-Si) te rnary  phase diagram becomes much more complicated, as shown 
i n  Figure 3. A sec t ion  of the b inary  phase diagram from Figure 2 i s  
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FIGURE 3. SECTIONS THROUGH THE IRON-CARBON-SILICON TERNARY 
PHASE DIAGRAM (Modified After A. Boyles [Ref. 5, p. 21 ) 
reproduced a t  the bottom of Figure 3 for comparison. Above that section, 
identified as 0 percent Si , similar sections across the iron-carbon 
segment of the Fe-C-Si diagram are shown for 2 percent and 4 percent 
si l icon, which are typical cast iron compositions. The previous 
eutectic ( C )  and eutectoia (S) points in the metastable carbide phase 
diagram are now displaced in carbon composition (points C" and S" , 
respectively, and the prior specific temperature levels for the eutecti c 
and eutectoid reactions are rep'aced by temperature bands that  vary with 
both carbon and si  1 icon compositions. Furthermore, in commercial practice, 
control of phase constituents becomes further complicated because of 
(1) the possible addition of other alloying elements, (2 )  the presence 
of residual elements inherent to  the material, and (3) the use of heat 
treatments following casting solidification. 
Although descriptions of cast iron structures can be provided through 
the use of simplified phase diagrams, such diagrams do not suffice to  
account for actual physical c:iaracteri s r i  cs and behavior. For example, 
the phase diagrams indicate very 1 i t t l  e about the graphite constituent 
in cast irons. As shown in Figure 4 ,  graphite may appear in various forms. 
The flake type shown as Fortn I i s  the idealized characteristic form f o r  
gray irons. Unfortunately, this  idealized distribution of flakes i s  
n o t  universally achieved in commercial gray iron castings because of 
uncontroi led conditions in me1 ting, casting, or other processing oper- 
ations. Several flake distributions have been classified as shown in 
Figure 5--where Type A i s  the preferred distribution. 
When the microstructure of gray irons i s  shown in the etched condi- 
tion, the detai ls  of the matrix areas i n  Figure 5 are revealed. In a 
typical case, the structure appears as shown i n  Figure 6 ,  where coarse 
graphite flakes are surrounded by a matrix of pearli te.  Pearli te consists 
of alternate lamellae of f e r r i t e  ( l i gh t )  and iron carbide (dark) a t  the 
eutectoid composition (point A, Fig. 1 ) .  Thus, the planar microstructural 
form of gray iron typically consists of nonmetallic graphite flakes embedded 
within a matrix of metallic f e r r i t e  and intermetallic iron carbide. Dependicg 
on the chemical composition and processing of individual gray irons, the 
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FIGURE 4. GRAPHIC TYPES OR FORMS FOR CAST IRONS 
mat r i x  may be pear l  i t e  (as shown i n  Fig. 6), f e r r i  ti c, o r  a  mix ture  of 
f r e e  f e r r i t e  and p e a r l i t e .  
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FIGURE 5. CLASSIFICATIONS OF GRAPHITIC FLAKE MICROSTRUCTURES IN 
GRAY IRONS (At magnification of IOOX, but reduced to one-third size 
for reoroduction). 
SOURCE: Reference 2, P. 90. 
FIGURE 6. TYPICAL GRAY IRON MICROSTRUCTURE AFTER ETCHING (Etched in 
4 p e m t  picral; 300X magnification). 
Although the lenticular o r  flake shape of the graphite Is typfcal 
for the planar view of the microstructul.e, the three-dimensional farm i s  
somewhat more complex and i s  sometimes referred t o  ar a whorl. Two 
models of whorls, constructed from a continuum o f  microstructural views 
are shown fn  Figure 7. These macrostructural views undoubtedly provide 
more insight  than do the mierostmrctures about the influence of graphitic 
structure on mechanf cal properties o f  cast imns. Essentially,  gray 
f ron can be envisioned i n  the three-dimensfonal form as a r ig id ,  continuous 
structure (the matr ix  of f e r r i t e  and iron carbide) tha t  i s  punctured w i t h  
whorl-shaped cav i t i es  located randomly within the m a t r i x .  These cavi t ies ,  
i n  turn, are f i l led with a granular or powdery fom of graphite. 
SOURCE: Refworm 6, a 46. 
FIGURE 7. MODELS OF GRAPHITE WHORLS, REPRESENTATlVE OF THE 
TYPE A FLAKE STRUCTURE OF FIGURE 5 (SOX rnsgnifimtion) 
The micr~structures and macros tructvre o f  nodular f ron are much the 
same as those for gray i r o n  except that  the graphite flakes and whorls 
in the  l a t t e r  material appear f n the former as rounded shapes, or nodules, 
f n  the three-dimensional vfew, The mfcrostructural view i n  th is  case 
can be envfsioned as a block o f  S w i s s  cheese w i t h  the hales filled w f t h  
a foref gn substance. In thf s ease, the "cheese" matrf x i s  ferrite and 
iron carbide, and the "holes" a r e  f i l l e d  with graphite. The nodules are 
represented by Form VT i n  Figure 4, and a typical etched microstructure 
of nodular i ron i s  shown i n  Ff gure 8. fn t h i s  rfew, the full and partial 
1 
I planar surfaces of two graphite nodules are shown, surrounded by the 
! pearlite lamellae o f  ferrite and i r o n  carbide. The smallish light- colored regions around the nodules are areas of free ferrite. 
SQURCE: R a m  1. P. BY. 
FIGURE 8. TYPICAL NODULAR l RON MlCROSTRUCTURE AFTER ETCHING 
(Etched in 4 percent picral; 300X magnification). 
Just as in the case of gray f rons, the desired graphitic shape f s not 
always obtained because of various uncontrol 1 ed composition o r  processing 
factors.  Of the f i v e  types of graphite shapes shown I n  Figure 9, No. 1 
i s  preferred, and some amunts of Nos. 2 and 3 are also  cansidered to 
be general ly acceptable i n  achieving the desired mechanical propert ies 
f o r  nodular -iron. Obviously, with the graphite types shown as Nos. 4 and 
5 ( i n  Fig. 91, the material tends to appear more 1 i ke a gray i ron and 
e x h i b i t s  considerably different mechanical properties than those expected 
f a r  nodular i ron .  
The chemical composf t i o n  of nodular i ron  i s  mush the same as t h a t  
of gray Iron, except tha t  an Snoculation agent i s  added t o  the molten i ron 
t o  provide the characteris tic nodul a r  rather than f 1 ake fonns of graphite. 
Various i noeulati ng agents have been used, incl uding mischmetal , magqesi urn 
alloys, fe r ras i l i cons ,  calc ium-si l icon alloys, etc. These, o f  course, 
remain t o  some degree as a chemical constituent i n  t h e  f i n a l  nodular iron 
product. 
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I V .  CHEMICAL AND PHYSICAL PROPERTIES OF GRAY AND NODULAR IRONS 
I n  add i t i on  t o  the  basic  elemental ingred ien ts  of gray and nodular 
i r ons  ( i ron ,  carbon, and s i l i c o n ) ,  p l a i n  i r o n s  i n  both of these groups 
usua l ly  conta in some res idua l  manganese (<1.0 percent) and small amounts 
of su l f u r  and phosphorus. Other a l l o y i n g  elements are  sometimes added 
t o  ob ta in  improvements i n  spec i f i c  p roper t ies ;  those most commonly used 
are aluminum, copper, chromium, molybdenum, n i cke l ,  and vanadium. 
Sel ected chemical and physical requirements and proper t ies  f o r  
commercial grades o f  i r ons  w i t h i n  these two groups are  presented i n  
Tables 2  and 3. Data i n  these tables show both the  s i m i l a r i t i e s  i n  
chemical compositions o f  the two groups and the  differences i n  physical  
proper t ies r e s u l t i n g  from d i f f e r e n t  phase cha rac te r i s t i cs .  Because of 
di f ferences i n micros t ruc ture  and macrostructure o f  gray and nodular 
i rons ,  some inferences can be made about comparative proper t ies .  For 
example, gray i rons  have less  t e n s i l e  s t rength  than e i t h e r  nodular 
i rons  o r  s tee ls .  I n  gray i rons ,  t he  continuous ma t r i x  s t ruc tu re  i s  f i l l e d  
w i t h  re1 a t i  vely sharp s t ress  r a i  sers--the graph i te  whorls (see Fig. 7) .  
I n  nodular i rons ,  the  graphi te shapes are  rounded and are n o t  as 1  i k e l y  
t o  ac t  as s t ress  ra isers .  I n  s teels ,  t he  ma t r i x  i s  c h a r a c t e r i s t i c a l l y  
void-free except f o r  a  few r e l a t i v e l y  small - s i ze  nonmetal 1  i c inc lus ions .  
As shown i n  Table 2, u l t ima te  t e n s i l e  s t rength  i n  c e r t a i n  p l a i n  gray 
i rons  i s  speci f ied t y p i c a l l y  i n  a  range from about 20,000 t o  40,000 p s i .  
These same values fo r  some nodular i r ons  range from about 60,000 t o  
i~t i ,000 ps i ,  as shown i n  Table 3. For comparison, these values would 
normally range from about 65,000 t o  105,000 ps i  f o r  cast  p i  a i n  carbon 
s tee ls  [Ref. 1, p. C8]. 
TABLE 2. TYPICAL PROPERTIES FOR SELECTED GRAY IRONS 
(AFTER MATERIALS ENGINEERING [Ref. 1, pp. C2-C31) 
A S T M ~  A-48 
Class o r  Grade 
20, 25 30, 35 
Mechanical Proper t ies 
Tensi le  Modulus o f  E l a s t i c i t y ,  106 p s i  9.6-14.8 13-17.2 
U l t imate  Tensi le  Strength, 1,000 p s i  20- 30 30-40 
U l t imate  Compression Strength, 1,000 p s i  80-100 109-1 25 
Fat igue Strength, 1,000 p s i  
Unnotc hed 
Notched 
Impact Strengths, foot-pound 
Izod, Unnotc hed 
Composition, Percent Compositions vary w i t h  spec i f i ca t ion ;  major elements 
inc lude up t o  3.75 C, up t o  2.4 S i ,  up t o  0.9 manga- * 
nese, p lus  small amounts o f  s u l f u r  and phosphorus. 
Standard grades may a lso  conta in  up t o  5 N i  , up t o  
1.25Cr,  up t o l M o , a n d u p t 0 1 . 7 C u .  N icke l  
a1 loyed grades conta in  up t o  0.7 Mo and up t o  6 C r .  
Corrosion and Somewhat more cor ros ion  r e s i s t a n t  than p l a i n  carbon 
Oxidat ion Resistance s tee ls .  Rate of a t tack  u n l i k e l y  t o  exceed 5 mi le /  
year i n  most severe i n d u s t r i a l  atmospheres. Hard, 
f r e s h  waters no t  p a r t i c u l a r l y  corros ive;  s o f t  daters 
may cause some at tack.  Waste waters cor ros ive  espe- 
c i a l l y  i f  conta in ing  ch lo r ides  o r  acids. Seawater 
much more aggressive, b u t  even unal loyed grades may 
prov ide adequate res is tance i n  s t i  11, unpol lu ted ,  
wel l -aerated seawater. A l l o y i n g  w i t h  Cu, C r ,  N i  
reduces seawater a t tack .  I n  co i  1 s, pear l  i t i c  grades 
s l i g h t l y  more r e s i s t a n t  than f e r r i t i c  grades. Un- 
a1 loyed gray i rons  have poor res is tance t o  d i  1 u te  
and in termediate concentrat ions o f  c o m n  mineral 
acids b u t  sa t i s fac to ry  res is tance t o  low v e l o c i t y  
concentrated ac ids such as s u l f u r i c ,  n i t r i c ,  chromic, 
and crude phosphoric. Resis tant  t o  d i l u t e  a1 ka l  i e s  
a t  any temperature, b u t  ho t  so lu t ions  over 30 percent 
concentrat ion w i l l  a t tack.  Useful ox ida t ion  r e s i s -  
tance t o  about 1 ,OOO°F; low a1 1oy chromium-bearing 
grades usefu l  fo r  extended per iods up t o  1 ,200°F. 
Damping Capac i t y  Excel l e n t ;  exceeds t h a t  of most s t r u c t u r a l  mater ia ls .  
a ~ m e r i c a n  Society f o r  Test ing and Mater ia ls .  
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TABLE 3. TYPICAL PROPERTIES FOR SELECTED NODULAR IRONS 
(AFTER MATERIALS ENGINEERING [Ref. 1 , pp. C2-C31) 
AST# A-48 
Class o r  Grade 
60-40- 18 
o r  
60-45-1 2 80-55-06~ 
Mechanical Propert ies 
Tensi le Modulus of E l a s t i c i t y ,  l o 6  ps i  23-25 23-25 
Ult imate Tensi le Strength, 1,000 ps i  60-80 80-1 00 
U l  t imate Compression' Strength, 1,000 ps i  56C 88C 
Fatigue Strength, 1,000 ps i  
Unnotched 
Notched 
Impact Strength, foot-pound 
I zod , Unnotched 120 120 
Composi ti on, Percent T.C. 3.4-4, T.C. 2.3-3.8, 
Mn 0.2-0.6, S i  2-3, 
P 0.06-0.08 Mn 0.2-0.5, 
N i  0-1, P 0.06-0.08, 
Mg 0.02-0.07 Ni  0-1, 
Mg 0.02-0.07 
Corrosion and Corrosion resistance general l y  simi l a r  t o  gray i rons.  
Oxidation Resi stance Machining tends t o  increase atmospheric corrosion 
resistance s l i g h t l y .  I n  so i l s ,  d u c t i l e  i rons less 
sens i t ive  than gray i rons t o  strength loss  due t o  
corrosion. Prone t o  stress corrosion cracking i n  
h igh ly  a1 ka1 i ne solut ions. Standard grades have 
good oxidat ion resistance t o  1,200°F; heat r es i s t an t  
grade (5-6 S i )  has useful ox idat ion resistance up 
t o  about 1 ,650°F. 
Dampi ng Capac i t y  Good, but  not  as good as gray o r  ma1 leable irons. 
a~merican Soci e ty  f o r  Testing and Mater ia l  s 
b ~ i g h e r  mechanical propert ies are obtained by cont ro l  of cast ing and heat 
treatment processes variables. 
Graphite plays a di f ferent  r o l e  under compression loading, and 
enhances t h i s  strength i n  cast i rons--par t icu lar ly  i n  gray irons. 
Graphite i s  essent ia l ly  incompressible, and the matr ix  around the f l ake  
areas also y ie lds  l o c a l l y  t o  fo res ta l l  f rac tu re  of the t o t a l  section. 
Consequently, compression loads of gray i rons can be as high as for  steels 
w i th  3 t o  4 times the t ens i l e  strength of the irons. I n  addit ion, 
u l t imate compression strengths o f  gray i rons may be as higb as, o r  higher 
than, those exhibi ted by nodular i rons t ha t  have u l t imate t ens i l e  strengths 
o f  3 t o  5 times those o f  the gray irons. 
The endurance l i m i t ,  o r  fa t igue  strength, o f  ind iv idua l  cast i rons 
i s  another property o f  i n t e res t  i n  any comparf sons w i t h  steels. Normally, 
the r a t i o  o f  fat igue strength t o  u l t imate t ens i l e  strength for  gray i rons 
i s  about 0.35 t o  0.45, but t h i s  r a t i o  may be higher f o r  nodular i rons 
and steels. I n  addit ion, gray i r o n  has another inherent advantage i n  
uses where surface scratches and defects pose problems because i t  i s  
r e l a t i v e l y  insens i t ive  to  the effects o f  notches and rough surfaces, as 
shown by values given for  notched and unnotched fa t igue strengths i n  
Table 2. The addi t ion of a de l iberate ly  produced notch does not great ly  
a f fec t  the propert ies o f  a mater ia l  tha t  i s  already "notched" by the 
in te rna l  graphite f 1 akes. 
V. PROBLEMS WITH CAST IRONS 
A basic  problem 1 i m i t i n g  the increased of gray i r o n  i s  i t s  r e l a -  
t i v e  weakness under t e n s i l e  s t ress  and i t s  l ack  of d u c t i l i t y .  Nodular 
i r o n  i s  somewhat b e t t e r  i n  those respects bu t  f s  s t i l l  wanting when com- 
pared t o  many grades o f  s tee l ,  These l i m i t a t  . are genera l l y  acknow- 
ledged t o  r e s u l t  from the c h a r a c t e r i s t i c  cast  r s t ruc tures  (as discussed 
i n  Sec. IV) and from chemical dnd cons t i  tu t ior , .  . ... i terogenei  t i e s  and 
unsound regions il cast ings. As a r e s u l t  of these perceived problems, 
i r o n  cast ings are o f t e n  thought t o  be "weak" and less  des i rab le  than 
wrought o r  "worked" mater ia ls .  This  s i t ua t i on ,  as re f l ec ted  by problems 
encountered i n  product ion of i r o n  cast ings, i s  examined i n  t h i s  sect ion;  
changes i n  the physical p roper t ies  of gray and nodular i r ons  t h a t  might 
reduce the i n t e n s i t y  o f  product ion problems are discussed i n  the  sec t ion  
fo l lowing.  
Chemical heterogenei t ies i n  cast ings are  usual l y  traceab! e to var ia -  
t i o n s  i n  chemical compositions w i t h i n  the me1 t, dens1 t y  di f ferences among 
const i tuents,  c e r t a i n  thermal e f fec ts ,  and spec i f i c  s o l i d i f i c a t i o n  m c h -  
anisms. Since a l l  of these factors a re  a c t i v e  more o r  l ess  sirnultar~eausly 
and are t o  a great  degree interdependent o f  each o ther  dur ing  mel t  s o l i d i -  
f i c a t i o n ,  i s o l a t i o n  of t he  ef fect  of each fac tor  i s  des i rab le  i n  under- 
standing s o l i d i f i c a t i o n  behavior. Low g r a v i t y  processing offers one step 
toward such i s o l a t i o n  by e l  im ina t i ng  the in f luence o f  dens i ty  d i f f e r e n t i a l s  
i t ?  the  mel t .  Also, t o n t a i ~ ~ e r l e s s  processing i s  f e a s i b l e  i n  low g r d v i t y  
experiments, and t h i s  fea ture  e l im ina tes  the in f luence o f  conta iner  wal; s 
on the nuc lea t ion  and growth mechanisms t h a t  a re  a c t i v e  dur ing  me1 t 
s o l i d i f i c a t i o n .  
4,  COMPOS ITi3NPI. PROBLEMS 
An important concept i n  understanding sol  i d i f i c a t i o n  behavior i s  
t h a t  chemical compositions of the l i q u i d  and s o l i d  phases s o l i d i f y i n g  
i n  an i r o n  cas t ing  are  con t i nua l l y  changing. These changes obviously  
r e s u l t  i n  heterogenei t ies i n  the  as-cast metal and i n  weakness~s and 
inconsis tencies i n  i t s  mechanical proper t ies.  Such composit ional changes 
can be demonstrated w i t h  the  s imp l i f i ed  vers ion o f  the  metastable b inar* *  
phase diagram shown i n  F igure 10. For example, assume t h a t  a t heo re t i ca l  
FIGURE 10. SIMPLIFICATION OF IRON-CARBON PHASE DIAGRAM--METI,.3TABLE 
(Modified After H. T. Angus [Ref. 4, p. 21) 
i ron-carbon a l l o y  of 3-percent carbon i s  cocled from the  1 i q u i d  
range (above 2,315OF). Upon reaching the  l i q u i d u s  curve, a t  p o i n t  h 
(2,315OF), so l  i d i f i c a t i o n  begins. When the  temperature has been decreased 
t o  2,300°F a t  p o i n t  m, a small amount [(n-m) i (n - t ) ]  o f  the  me l t  has been 
transformed t o  austeni te.  This  a u s t e r i t e  has a carbon content o f  1.2 
percent (po in t  t )  , and the  1 i q u i d  phase remai n i  n!l has a carbon content of 
3.1 percent ( p o i n t  n). As coo l i ng  continues t o  the  eu tec t i c  temperature, 
a t  l i n e  EaC, the  carbon content of the  aus ten i te  changes cont inuously 
along l i n e  t E  and the carbon content o f  the  remaining 1 i q u i d  increases 
cont inuously along l i n e  nC. I n  add i t ion ,  t h e  por t rans o f  separated 
austeni te and remaining l i q u i d  change u n t i l  j u s t  above the eu tec t i c  l i n e ,  
where about 40 t o  45 percent [(G-E) I (C-E)] remains as l i q u i d .  A t  
the eu tec t i c  temperature, the  remaining l i q u i d  transforms iso thermal ly  
upon arvest.  The sol  i d i  f i e d  eu tec t i  c (1 edeburi t e )  and austeni t e  remain 
upon cool i ng below the  eu tec t i  c temperature. 
As coo l ing  proceeds downward from the  eu tec t i c  temperature (1  i ne 
EaC) t o  the  eu tec to id  temperature ( t he  hor izonta l  l i n e  through p o i n t  S), 
s o l u b i l i t y  o f  carbon i n  austeni te decreases along 1 i n e  ES and the  amount 
of ledebur i te  increases r e l a t i v e  t o  austeni te.  A t  p o i n t  q, as an example, 
the r e l a t i v e  por t ians  o f  aus ten i te  and l edebur i t e  would be [ ( r -q )  i ( r -p ) ]  
and [(q-p) i ( r -p ) ]  , respect ive ly .  Below the  eu tec to id  temperature, 
ledebur i te  i s  no t  considered t o  be stable,  and p e a r l i  t e  and cementite 
would be expected t o  be present a t  room temperature i n  t h i s  t heo re t i ca l  
pure b inary a l l o y .  I n  actual  p r a c t i c e  w i t h  comnercial cas t  i rons ,  some 
comb ina t i o~  of pea r l i t e ,  f e r r i t e ,  cementite, and graph i te  i s  l i k e l y  t o  
be present a t  room temperature. 
The lesson t o  be learned from t h i s  somewhat onerous downward excursion 
through the  phase diagram i s  t h a t  both the chemical compositions w i t h i n  
phixes, the phase const i tuents themselves, and the r e l a t i v e  por t ions  of 
each are cont inuously changing. I n  commercial p rac t ice ,  the  r a t e  o f  
cool i n g  and the a1 l oy ing  ingred ien ts  have major influences on the degree 
t o  which the heterogeneit ies are i n t e r d i  ffused by the t ime room temperature 
i s  reached. Cer ta in ly ,  a  wide range of l o c a l i z e d  carbon compositions i s  
no t  unexpected fo r  as-cast s t ruc tu res - -pa r t i cu la r l y  i n  a  small cas t i ng  t h a t  
has been cooled f a i r l y  rap id l y .  Such v a r i a t i o n s  in, carbon composit ion must 
undoubtedly have a  s i g n i f i c a n t  in f luence on the  mechanical p roper t ies  o f  
mater ia ls  used i n  the as-cast condi t ion.  
The ra the r  simple i l l u s t r a t i o n  fo r  a  b inary  iron-carbon a l l o y  i s  f u r t h e r  
compl i cated i n  i r o n  cast ings by the  presence of res idua l  elements , such 
as su l fu r  and manganese, and a1 l o y i n g  elements. These a1 1  form compounds 
o r  a1 loys  of var ious compositions, dens i t ies ,  and me1 t i n g  temperatures. 
Each of these chemical elements and t h e i r  chemical and physical  p rope r t i es  
con t r i bu te  t o  add i t i ona l  chemical heterogenei ty  w i t h i n  the cas t  s t ructures.  
B. DENSITY PROBLEMS 
The separat ion of s o l i d  phases from the  l i q u i d  and the subsequent 
growth are  a lso important t o  discussions o f  heterogenei t ies i n  cast ings. 
Two views o f  the  formation u f  i n i t i a l  g r a p h i t i c  mater ia l  i n  gray i r o n s  
are presented i n  F igure 11 fo r  hypoeutecticl and hypereutect ic2 composi- 
t ions .  I n  the former case, t h i s  author postu lates t h a t  metal separates 
from the me1 t f i r s t .  Graphite f l akes  then nucleate and grow w i t h i n  the  
s o l i d i f i e d  dendr i tes and eu tec t i c  c e l l s ,  and a  heavier so l  i d  metal i s  
f l o a t i n g  i n  l i q u i d  metal. I n  Figure 12, an as-cast mic ros t ruc ture  i s  shown 
t h a t  reveals the  c h a r a c t e r i s t i c  dendri ti c  p a t t e r n  developed i n  the  metal 
phase dur ing the  o r i g i n a l  s ~ l i d i f i c a t i o n . ~  For t hs  hypereutect ic  i r o n s  
the author postu lates P a t  some graphi te ( i d e n t i f i e d  as k i sh )  separates 
d i r e c t l y  from the mel t  and t h a t  the aus ten i te  grows as c e l l s  dur ing  the  
eu tec t i c  a r res t .  I n  t h i s  case, a  l i g h t  g raph i te  mater ia l  i s  f l o a t i n g  
i n  a  heavier l i q u i d .  Although the subject  o f  g raph i te  versus carbon nuclea- 
t i o n  and growth i s  con jec tura l ,  these two views of the subject  probably 
'carbon content less  than 4.3 percent ( e u t e c t i c  p o i n t  C )  i n  F igure 2. 
2 ~ a r b o n  content greater  than 4 . 3  percent ( e u t e c t i c  p o i n t  C )  i n  F igure 2. 
3Graphite f l akes  are  no t  evident i n  t h i s  view, s ince t h i s  i s  a  "whi te"  
i ron--wi thout  graphite. 
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FIGURE 11. SEPARATION OF SOLID PHASES FROM THE MELT 
(Modified After H. T. Angus [Ref. 4, p. 61 ) 
have received as much of a consensus as any o ther  a l t e r n a t i v e  theor ies.  
The important issues are  t h a t  (1)  nuc lea t ion  and :irowth mechanisms ~f 
the var ious phabes may be d i f f e r e n t  f o r  d i f f e r e n t  compositions, ( 2 )  
dens i ty  may p lay a d i f f e r e n t  r o l e  i n  each case, and (3 )  complete agret .ent 
has no t  been reached on the s o l i d i f i c a t i o n  mechanisms--particul~:rl:d 
i n  regard t o  the  formation of graphi te.  
Other dens i ty  d i f f e r e n t i a l s  i n  the mel t  and the s o l i d i f i e d  cast ings 
are t o  be expected. For instance, s u l f u r  compounds are  usua l l y  r e l h t i v e l y  
1 i g h t ,  and many a1 l o y i n g  elements are  heavy; thus, these mater ia ls  a?? 
expected t o  segregate t o  some degree i n  the  me1 t. Density gradients 
w i t h i n  s o l i d i f i e d  cast ings a re  a1 so expected because of differences i n  
me1 t i n g  po in ts  o f  me1 t const i tuents .  Higher me1 t i n g  cons t i tuents  terid t o  
segregate i n  the  regions o f  f i n a l  s o l i d i f i c a t i o n .  
SOClRCE Reference 4. p 24 
FIGURE 12. EVIDENCE OF ORIGINAL DENDRlTlC STRUCTURE REMAINS 
IN AN AS-CAST PEARLlTlC WHITE IRON (Etched in 4 percent 
picral, 66x1 
I n  addi t ion t o  these sedimentation effects, another factor f u r t he r  
complicates sol  i d i f  i cat ion behavior and imposes an inf luence on cast ing 
structures and on the resu l tant  properties. This i s  buoyaxy-dr i  ven ( o r  
gravity-driven) convection, which has already been recognizdd I n  NASA's 
program [Ref. 71. Gravi ty-dr iven convection i s caused by dif ferences i n  
density tha t  r esu l t  from even s l i g h t  differences i n  temperature w i t h i n  the 
me1 t. As temperatures increase, mater ia ls tend t o  expand 6nd beconte 
1 igb te r  per u n i t  volume. These density differences, under the inf luence 
of gravi ty,  r esu l t  i n  "convection flow" i n  l i q u i d  phases. This f low 
w i l l  contribute, along w i t h  the many btner sal idi f ica++:? phenomena, 
t o  chemical heterogeneities i n  the mel t  i ~ d  f i n a l  casting. 
C. CASTING SOUNDNESS PROBLEMS 
Nucleation and growth o f  the sol i d  metal phases from the 1 i q u i d  phase 
i s  an important concept o f  sol idi fication--particul a r l y  when considering 
the s o l i d i f i c a t i o n  o f  f a i r l y  heavy castings o r  ingots. I n  one s imp l i f i ed  
view, three s o l i d i f i c a t i o n  zones e x i s t  f o r  nucleation and growth from 
the melt, as shown i n  Figure 13. The surface, o r  skin, freezes rap id ly  
i n  the form o f  small equiaxed grains. I n  t h i s  i n i t i a l  so l i d i f i ca t i on ,  
nucleation predominates over growth. This sol i d i f  i ca t i on  phase i s  followed 
by dendr i t ic ,  o r  columnar, growth inward from the surface toward the 
center of the me1 t. I n  t h i s  case, the growth inechanism predominates over 
nucleation. The central  por t ion o f  the mel t  s o l i d i f i e s  l as t ,  from bottom 
t o  top, as an equiaxed structure--but w i t h  a coarser c r ys ta l l i ne  s t ruc ture  
than i n  the o r ig ina l  surface s o l i d i f i c a t i o n  area. Fu r t hemre ,  during 
the columnar and f i n a l  equiaxed sol i d i f  icat ions,  the less soluble 
chemical impur i t ies remain molten and resu l t  i n  a graduated chemical 
segregation. The most pers istent  forms w i l l  migrate t o  the upper central  
section (see Fig. 13) o f  the casting o r  ingot  and are o f ten s o l i d i f i e d  
there o r  entrapped as non-metallics. Thus, heterogeneities or  voids are 
postulated during sol i d i f  i ca t ion  of the me1 ts.  
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FIGURE 13. SCHEMATIC VIEW OF NUCLEATION AND STRUCTURE GROWTH 
I N  HEAVY SECTIONS (Modified Aftar R. E. Smallman [Ref. 8 ) )  
Soundness of cast ings caa a lso  be dependent on bubbles of entra ined 
gases and a1 l o t r o p i c  transformations dur ing  cool i n g  (coupled w i t h  the  
va r iab le  shrinkage c h a r a c t e r i s t i c  of each a l l o t r o p i c  phase). Both o f  
these condi t ions may con t r i bu te  t o  the chronic  problem of voids i n  cast ings. 
The e l im ina t ion  o f  g r a v i t y  and of conta iner  surfaces around the mel t  w i l l  
provide exce l len t  oppor tun i t ies  t o  study formation of such voids i n  
cast  i rons.  
D i r e c t i o n a l l y  induced s o l i d i f i c a t i o n  i s  a con t ro l  normal ly used i n  
the design of both cast ings and t h e i r  mold containers t o  cause movement 
of the l i q u i d - s o l i d  i n te r face  i n  a desi red d i r e c t i o n  dur ing s o l i d i f i c a t i o n .  
This i s  often employed t o  enhance some s p e c i f i c  proper ty  of the cast  product, 
but  i t  may a lso con t r i bu te  t o  cas t ing  problems. The t y p i c a l  chronic  problems 
r e s u l t i n g  from poor con t ro l  of d i r e c t i o n a l  s o l i d i f i c a t i o n  are  s o f t  o r  hard 
spots and shrinkage voids. Studies of nuc lea t ion  and growth and i n t e r -  
* 
d i f fus ion  of phases under rap id  coo l ing  i n  a conf ined radius dimension i n  
NASA's program could be extremely useful i n  the  analys is  of these problem 
areas i n  product ion o f  i r o n  cast ings. 
D. SUMMATION 
The foregoing descr ip t ions  of three problem areas d re  considered t o  
be t y p i c a l  of those encountered i n  the  foundry i n  the product ion o f  
homogeneous and sound i r o n  cast ings. The so l  i d i  fi ca t ion  mechanisms described 
i n  those i 1 l u s t r a t i o n s  are  a lso considered t o  be t y p i c a l  o f  the  many factors 
t h a t  in f luence the  physical  p roper t ies  o f  gray and nodular i r o n  products. 
I n  sumnation, the  fo l l ow ing  po in ts  have been establ ished: 
a The mechanisms r e s u l t i n g  i n  formation o f  the chemical phase 
cons t i tuents  I n  cast  i r ons  are complex and not  adequately 
described by simple phase diagrams. 
The mechanisms r e s u l t i n g  i n  the formation of the  s tab le  graph i te  
phase are  no t  f u l l y  understood and may be d i f f e r e n t  f o r  cas t  
i r ons  o f  d i f f e r e n t  compositions. 
Chemical heterogenei t ies w i t h i n  i n d i v i d u a l  phase cons t i tuents  
and i n  i n t e r d i s t r i b u t i o n  of the cons t i tuents  a re  t o  be expected 
i n  as-cast s t ructures.  
0 Nucleat ion and growth mechanisms ex tan t  i n  separat ion o f  t he  
s o l i d  phases from the l i q u i d  mel t  are dependent no t  on ly  on 
chemical and dens i ty  d i f fe rences w i t h i n  the mel t  t u t  a l so  
on con t ro l s  and in f luences brought t o  bear from outs ide  the  
melt .  Rapid coo l ing  methods are extremely usefu l  i n  examining 
t h i s  aspect o f  the so l  i d i  f i c a t i o n  process. 
Cast i r o n  s o l i d i f i c a t i o n  mechanisms are  worthy subjects f o r  
study i n  low-gravi t y  environments because the e l im ina t i on  of 
g r a v i t y  and container surfaces i s  expected t o  impact s i g n i -  
f i c a n t l y  on nucleat ion and growth, macrochemical heterogeneity,  
and s i z e  and d i s t r i b u t i o n  o f  the microphases. 
0 Once these s o l i d i f i c a t i o n  mechanisms are  understood, improved 
cont ro l  of the  s o l i d i f i c a t i o n  process i s  feas ib le  and improved 
physical p roper t ies  i n  gray and nodular i r ons  are w i t h i n  the  
realm of reason. 
V I .  POTENTIAL RESULTS WITH LOW GMVITY PROCESSING 
OF GRAY AND NODULAR IRONS 
Low g r a v i t y  processing experiments may c o n t r i b u t e  s u b s t a n t i a l l y  t o  
understanding cas t  i r o n  s o l i d i f i c a t i o n  problems. Such experiments are  
expected t o  have measurable inf luences on the i n t e r d i s t r i b u t i o n ,  shape, 
and s ize  of phase cons:ituents i n  cas t  i rons- - inc lud ing  those c h a r a c t e r i s t i c  
of the  g r a p h i t i c  phase. These i nf 1 uences , under proper cont ro ls ,  should 
prov ide oppor tun i t ies  i n  the comnercial gray and nodular i r o n  i ndus t r i es  
fo r  producing more homogeneous cast ings w i  t h  improved physical  proper t ies.  
The quest ion addressed i n  t h i s  sec t ion  i s  which physical  p rope r t i es  are  
most important t o  a t t a i n i n g  wider usage o f  these mater ia ls .  
Since gray and nodular i r ons  are  used ex tens ive ly  i n  heavy i ndus t r y  
and t ranspor ta t ion ,  mechanical s t reng th  p rope r t i es  are  of major importance. 
Most 1 i k e l y ,  improvements i n  t e n s i l e  s t rength  and duc t i  1 i t y  and impact and 
fat igue strengths would r e s u l t  i n  s i g n i f i c a n t  s u b s t i t u t i o n  o f  gray and 
nodular i r ons  f o r  o ther  more expensive mater ia l  s - - p a r t i c u l a r l y  s teels .  A 
comparison o f  the  t y p i c a l  p roper t ies  f o r  p l a i n  cas t  i r ons  w i t h  those of 
low carbon wrought s tee ls  i s  shown i n  Table 4. The major di f ferences 
between gray i r o n  and nodular i r o n  and low-carbon wrought s tee l  are the  
absence of d u c t i l i t y  and the r e l a t i v e l y  low s t rength  values. Nodular i r on ,  
on the o ther  hand, compares favorably w i t h  low carbon wrought s tee l  except 
f o r  d u c t i l i t y  under t e n s i l e  s t ress.  
I n  the user 's  world, however, most serv ice  f a i l u r e s  r e s u l t  from 
repeated use. Even though products may be purchased i n  compliance w i t h  
spec i f i c  t e n s i l e  o r  o ther  s t rength  and d u c t i l i t y  t es t s ,  the f a t i g u e  l i f e  
i s  usua l ly  the determining f a c t o r  i n  how long the product endures i n  serv ice.  
If the gray i r o n  fa t igue strengths could be t r i p l e d  o r  the nodular i r o n  
fa t igue st rengths increased 30 percent, these ma te r ia l s  could compete w i t h  
a t  l e a s t  one c lass  o f  s teel .  The market performance of nodular i r ons  has 
TABLE 4. PROPERTY IMPROVEMENTS FOR EXPANDING CAST IRON MARKETS 
Low Carbon 
Tensi l e  propert iesa Gray I ron Nodular I ron Wrouqht Steel 
UTS (1,000 ps i  ) 20 t o  35 60 t o  120 70 t o  90 
Percent El ongation -- 2 t o  18 10 t o  35 
Impact propert iesa 
IZOD, f t - l b  20 t o  25 120 
Fatigue strengtha 
Rotat ing Beam 10 t o  15 30 t o  50 
(1,000 p s i )  
a~inimum leve i  s f o r  typ ica l  "p la in"  grades. 
already demonstrated how changes i n  propert ies o f  these same orders o f  mag- 
n i  tude resul ted i n  substantial  subst i tu t ion of cast i rons f o r  steels. 
Nodular i r o n  property improvements resul ted from a simple change i n  
graphite shape, from f lake  t o  nodule. Experiments w i t h  low grav i ty  pro- 
cessing o f  gray and nodular i rons hopeful ly w i l l  lead t o  new process control  
measures for  me1 t s o l i d i f i c a t i o n  t ha t  could provide more desirable d i s t r i -  
but ion of phase consti tuents and improvements i n  cast ing homogeneity and 
soundness. Such improvemnts, i n  turn, hopefully w i l l  provide new market 
penetrations f o r  new cast i r o n  materials comparable t o  those already 
achieved w i t h  nodular irons. 
V I  I. INITIAL LOW GRAVITY EXPERIMENTS 
With considerable emphasis i n  NASA's program al ready placed on so l  i d i -  
f i c a t i o n  processes [Ref. 71, gray and nodular i rons  are  idea l  mater ia ls  f o r  
eventual extension of those e a r l y  e f fo r t s  i n t o  comnercial engineering mate- 
r i a l s .  These i rons  o f f e r  exce l l en t  oppor tun i t ies  fo r  s tudying the  ef fects 
o f  na tura l  convection and sedimentation dur ing  s o l i d i f i c a t i o n .  I n  add i t ion ,  
separat ion o f  cons t i tuents  from the mel t  t h a t  e x h i b i t  widely  vary ing densi-  
t i e s  a l so  offers a unique oppor tun i ty  t o  study nuc lea t ion  and growth mech- 
anisms i n  hypoeutectic and hypereutect ic compositions. The quest ion 
addressed i n  t h i s  sec t ion  i s  hob the  i n i t i a l  experiments should be planned 
t o  e x p l o i t  these oppor tun i t ies  e f f e c t i v e l y .  
The most l o g i c a l  p lan i s  t o  perform i n i t i a l l y  a ser ies  o f  scoping 
experiments t o  determine what obvious in f luences low g r a v i t y  and conta iner-  
l ess  me l t i ng  might have on the s o l i d i f i c a t i o n  mechanisms and on the  cheni- 
ca l  heterogenei t y  and mf c ros t ruc tures  o f  bo th  gray and nodular i r ons  over 
a v a r i e t y  o f  composit ional ranges. Nucleat ion and growth of both graph i te  
and the other  phase cons t i tuents  should be o f  pr imary i n t e r e s t  a t  t h i s  
po in t .  I n  add i t i on  t o  the var iables associated w i t h  the type of cas t  i r o n  
and i t s  chemical composition, coo l i ng  ra tes  and o ther  coo l i ng  cond i t ions  
would be the  primary var iables used i n  experimental design. The major 
ob jec t i ve  would be t o  determine the nature of the influence, if any, t h a t  
low g r a v i t y  processing has on s o l i d i f i c a t i o n  mechanisms. I n  l a t e r  exper i -  
sients, the degree o f  such in f luences could be invest igated,  and eventua l ly  
appl i ca t i ons  t o  comnercial processing could be c ~ n s i d e r e d .  
One p o s s i b i l i t y ,  al though n o t  considered t o  be l i k e l y  a t  t h i s  po in t ,  
i s  t h a t  e a r l y  r e s u l t s  w i l l  o f f e r  no encouragement fo r  in f luenc ing  e i t h e r  
cas t  i r o n  s o l i d i f i c a t i o n  o r  p roper t ies  through low g r a v i t y  processing. I n  
t h a t  case, an obvious a l t e r n a t i v e  might be t o  e l im ina te  these mater ia ls  
from NASA's MPS program. More l i k e l y ,  the ear l y  experiments w i l l  provide 
indicat ions of more f r u i t f u l  d i rec t ions t o  be pursued i n  subsequent experi- 
ments. For tha t  reason, the i n i t i a l  scoping studies should be planned t o  
encompass broad views of the so l i d i f i ca t i on  process. A t  t h i s  point ,  the 
experimental object ives should be more attuned t o  learning whether low 
g rav i t y  p r o c ~ s s i r ~ g  shows any evidence of inf luencing a sol i d i f i  cat ion 
mechanism o r  character is t ic  o f  a microconsti tuent than whether i t  w i l l  
change physical propert ies o f  cast  irons. The i n i t i a l  experiments should 
be exploratory only and should not  be expected t o  have any bearing a t  t h i s  
po in t  on comnercial processing. Once underlying pr inc ip les  have been 
uncovered, c o k e r c i a l  appl ica t ions w i l l  fo l low. 
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